INTRODUCTION
Prion diseases, such as scrapie in sheep, BSE (bovine spongiform encephalopathy) in cattle and CJD (Creutzfeldt-Jakob disease) in humans, are transmissible chronic neurodegenerative disorders characterized by the accumulation of PrPSc [the abnormal disease-specific conformation of PrP (prion-related protein)], an abnormal isomer of the host protein PrPC (normal cellular PrP). The protein-only hypothesis postulates that the transmissible prion agent consists solely of proteinaceous material [1] . Consequently, it is proposed that PrPSc forms part, or all, of the infectious prion agent and is responsible for the modification of PrPC. During the preclinical phase of prion disease induced by peripheral inoculation, prion infectivity and PrPSc can be detected within peripheral lymphoid tissue. At these sites, PrPSc depositions may be found in TBMs (tingible body macrophages) and FDCs (follicular dendritic cells), although replication of the infectious prion agent appears to be sustained by FDCs [2, 3] . The temporal appearance of PrPSc in the lymphoreticular system, the PNS (peripheral nervous system) and eventually the CNS (central nervous system) of prion-infected individuals is indicative of spread by the nervous system [4, 5] . This is supported by extensive studies in transgenic and gene-knockout mice, which demonstrate that neuroinvasion occurs principally via the PNS [6] [7] [8] [9] .
In natural scrapie of sheep, the main portal of entry of the infectious agent is believed to be the oral route [10] . The early appearance of infectivity [11, 12] and PrPSc [4, 13] in aggregated intestinal lymphoid tissue after oral exposure to TSE (transmissible spongiform encephalopathy)-infected material has identified gut-associated lymphoid tissue as the most probable site of intestinal uptake of prions. The investigation of naturally and orally exposed lambs to scrapie has indicated that the earliest site of peripheral lymphoid tissue uptake was to the dome regions of ileal Peyer's patches [14] . However, the rapid accumulation of PrPSc in lymphoid nodules of other gut and non-gut lymphoid tissues implied lymphatic and haematogenous dissemination of the scrapie agent within the host [15] . Haematogenous dissemination of infectivity between different lymphoreticular sites is an accepted feature of the preclinical phase of prion disease in experimental rodent scrapie following non-neural inoculation [16] . Consequently, peripheral blood is considered to be a possible reservoir of prion infectivity in scrapie-infected sheep and other TSEaffected individuals. It has been shown that prion disease can be transmitted through transfusion of whole blood, or buffy coat, from natural scrapie-infected, or BSE-experimentally infected sheep, into recipient sheep [17, 18] . Similarly, prion infectivity has been detected in whole blood and in buffy coat from mice infected with a human-derived strain of variant CJD during both the preclinical and clinical phases of the disease [19] . The presence of detectable infectivity in blood of experimentally infected animals has reinforced concerns that human blood supplies may be contaminated with prion infectivity [20] .
Circulating PBMCs (peripheral blood mononuclear cells) of sheep [21, 22] and other species [23] express PrPC on their cell surface, which may serve as a substrate for conversion to a diseaseassociated form of PrP. In such a scheme, sheep PBMCs may harbour or carry disease-associated PrP and contribute to the deposition of PrPSc on resident lymphoid tissue cells such as FDCs. [24, 25] . We have recently shown that PrPC expressed on the surface of ovine PBMCs displays conformational variation between scrapiesusceptible and -resistant genotypes, and between different susceptible allelic variants [26] . This indicates that ovine PrPC expressed on the surface of blood cells is capable of structural flexibility and has provided the basis for an investigation into the presence of disease-associated PrP on the surface of blood cells during prion disease. These disease-associated forms of PrP may be distinct from PK (proteinase K)-resistant PrPSc, which has not been readily detected on the surface of ovine blood cells [21, 27] , and may serve as surrogate markers of ongoing prion disease.
In the present study, we have used anti-PrP monoclonal antibodies and flow cytometry to probe the conformation of ovine PBMCs' cell-surface PrP during the progression of experimental scrapie infection in orally inoculated VRQ homozygous lambs. During the course of scrapie infection, significant changes were seen in the reactivity of PBMCs with both N-and C-terminalspecific anti-PrP monoclonal antibodies. There was increased accessibility to N-terminal regions of the prion protein and decreased accessibility to central portions of the molecule, including the region around residue 171. During the progression of scrapie, significant alterations were seen in the exposure of particular cellsurface PrP epitopes. These changes, which were indicative of modifications of cell-surface PrP epitope exposure, included increased accessibility to N-terminal regions of the PrP molecule, to the region between β-strand-2 and residue 171, and to the C-terminal region of helix-3. Increased accessibility in the globular C-terminal domain of PrP occurred in the vicinity of tyrosine dimers, which are believed to have increased solvent exposure in disease-associated PrP. Information on the presence of altered forms of PrP on the surface of blood cells from scrapie-infected sheep will be relevant to the understanding and diagnosis of prion diseases.
MATERIALS AND METHODS

Purification of recombinant and truncated PrP peptides
Full-length ovine PrP-VRQ (residues 25-232) or truncated ovine PrP-ARR or ovine PrP-VRQ (residues 89-233) was generated as described previously [26] . Recombinant PrP proteins were verified by MS to confirm the correct protein sequence and the presence of a disulphide bond.
Generation of monoclonal antibodies
Anti-PrP monoclonal antibodies were generated as described previously [26] . The N-terminal-specific anti-PrP monoclonal antibodies T164, T188 and T325 were produced from Prnp o/o (Prnpknockout) mice immunized with murine brain homogenate and the C-terminal-specific anti-PrP monoclonal antibodies A516, V468 and V26 were produced from Prnp o/o mice immunized with ovine recombinant PrP [26] .
Epitope mapping of monoclonal antibodies
The epitope specificity of the anti-PrP monoclonal antibodies was determined by the PEPSCAN method described previously [28] . Briefly, synthetic 15-mer peptides, overlapping by 14 amino acids, covering residues 25-232 of ovine PrP (190 peptides in total, including allelic variants) were covalently linked to polyethylene mini-PEPSCAN cards and screened by PEPSCAN-based ELISA. The PrP peptide-coated mini-PEPSCAN cards were reacted for 16 h at 4
• C with individual anti-PrP monoclonal antibodies routinely at 10 µg/ml in blocking solution that contained 5 % (v/v) horse serum and 5 % (w/v) ovalbumin. After washing, anti-PrP monoclonal antibodies were detected by rabbit-anti-mouse peroxidase using 2,2 -azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) and H 2 O 2 as substrate. Colour development of the ELISA was quantified with a charge-coupled-device camera and processing system using the Optimas version 6.5 image-processing software package. Further epitope mapping of the N-terminalspecific monoclonal antibodies was carried out with a series of overlapping 21-mer peptides (comprising residues 25-46, 36-57, 47-68, 58-79, 69-90 and 80-101) of ovine PrP.
Western-blot analysis of full-length ovine recombinant PrP-VRQ
For Western-blot analysis of full-length ovine recombinant PrP-VRQ, the protein was subjected to SDS/PAGE under reducing conditions (200 ng of protein/track) and subsequently transferred on to nitrocellulose membranes by semi-dry blotting. Membranes were blocked with TBS-T (10 mM Tris/HCl, pH 7.8, 100 mM NaCl and 0.05 % Tween 20) containing 5 % (w/v) non-fat milk and then incubated with neat cell-culture supernatants at 20
• C for 2 h. This was followed by incubation with goat anti-mouse IgGhorseradish peroxidase (Sigma, catalogue no. A-2304) at 1:2000 dilution in 1 % (w/v) non-fat milk in TBS-T at 20
• C for 2 h. PrP bands were detected by ECL ® (enhanced chemiluminescence; Amersham Biosciences).
Direct immunoassay
Full-length ovine recombinant PrP-VRQ was coated at 200, 40, 8, 1.6 and 0 ng/well in 96-well flat-bottomed ELISA plates overnight at 4
• C. All dilutions were tested in triplicate. Excess protein was removed and wells were blocked with block buffer consisting of 2 % (w/v) BSA and 0.05 % sodium azide in PBS for 1.5 h at 20
• C with shaking. Plates were washed four times with wash buffer (PerkinElmer, Warrrington, Cheshire, U.K., catalogue no. 1244-114; concentrate diluted 25-fold in distilled water) and the relevant biotinylated anti-PrP monoclonal antibody was added at 50 ng/well diluted in assay buffer (PerkinElmer, catalogue no. 1244-111) and incubated for 1 h at 20
• C with shaking. Plates were washed four times with wash buffer followed by incubation with Europium-labelled streptavidin (PerkinElmer, catalogue no. 1244-360) at 50 ng/well for 1 h at 20
• C with shaking. Plates were washed eight times with wash buffer followed by the addition of enhancement solution (PerkinElmer, catalogue no. 1244-105). Plates were incubated for 5 min at 20
• C with shaking and the fluorescence was measured in a time-resolved fluorimeter (PerkinElmer, Victor TM ). Results were analysed and the means minus the control readings were plotted to give recombinant PrP-VRQ in ng/well against fluorescent counts/s.
MovS6 VRQ cell culture for immunofluorescence staining
MovS6 cells [29] were grown in Dulbecco's modified Eagle's medium (Sigma, catalogue no. D-5796) supplemented with Ham's F-12 with L-glutamine (Cambrex Bio Science, Verviers, Belgium, catalogue no. BE12-615F) containing 200 units/ml of penicillin, 100 µg/ml of streptomycin and 8 % (v/v) heat-inactivated FCS (foetal calf serum). Cells were removed from the flasks using trypsin-free versene just before reaching confluence and were washed three times in FACS buffer (PBS containing 1 % heatinactivated FCS supplemented with 0.1 % sodium azide) before immunofluorescence staining. Cell-surface phenotype was assessed using aliquots of 1 × 10 6 cells incubated with monoclonal antibody cell-culture supernatants or normal mouse serum at 1:1000 as control, for 20 min at 4
• C followed by three washes in FACS buffer and incubation with goat anti-mouse IgG-biotin (Sigma, catalogue no. B-7264) at 1:1000 for 20 min at 4
• C. Cells were washed three times with FACS buffer and subsequently incubated with 0.25 µg of streptavidin-phycoerythrin (Pharmingen, BD UK, London, U.K., catalogue no. 554061) for 20 min at 4
• C. Finally, cells were washed three times with FACS buffer and analysed for cell-surface fluorescence using a FACSCalibur ® (Becton Dickinson, Mountain View, CA, U.S.A.). For each sample 10 000 cells were analysed with dead cells excluded on the basis of forward and side light scatter.
Sheep inoculations
Scrapie-free VRQ homozygous Cheviot lambs were derived by embryo transfer from ewes of U.K. origin. Lambs were born and inoculated with scrapie within a purpose built experimental facility isolated from other livestock. Six lambs, at 1-2 weeks of age, were dosed orally with 1 g of undiluted scrapie-infected sheep brain homogenate placed on the back of the tongue. The homogenate was prepared from brains of scrapie-infected VRQ and ARQ homozygous or heterozygous sheep. Inoculated lambs were maintained under normal sheep husbandry conditions and monitored for clinical signs of scrapie. Three animals were culled at 6 months post-scrapie inoculation and the three remaining animals were maintained until they displayed unequivocal signs of scrapie, at which point they were killed. Scrapie infection was confirmed in all clinical cases by the presence of disease-specific PrP in brain sections and by typical vacuolar pathology in the brain stem.
Blood sampling
Peripheral blood was collected by jugular venepuncture from scrapie-inoculated sheep, or from age-and sex-matched New Zealand-derived scrapie-free sheep. Scrapie-inoculated lambs were bled immediately before prion challenge and subsequently at monthly intervals post-scrapie inoculation. Blood was also collected from sheep persistently infected with MVV (maedivisna virus). Blood was either collected in EDTA tubes or allowed to clot and was subsequently transported on ice and stored overnight at 4
• C before the preparation of PBMCs.
Isolation of sheep PBMCs for immunofluorescence staining
A buffy coat was prepared from EDTA-treated blood by centrifugation at 733 g for 20 min at 21
• C and the harvested cells were layered on to NycoPrep TM animal (density 1.077 g/ml; osmolarity 265 mosmol) and centrifuged at 600 g for 15 min at 21
• C. Mononuclear cells were recovered from the density medium interface and washed three times with FACS buffer. Cell-surface phenotype was assessed using aliquots of 1 × 10 6 cells incubated with monoclonal antibody culture supernatant, or normal mouse serum at 1:1000 as control, for 20 min at 4
• C followed by three washes in FACS buffer and incubation with goat anti-mouse IgG-biotin (Sigma, catalogue no. B-7264) at 1:1000 or goat anti-mouse IgG1-biotin (Caltag Laboratories, Burlingame, CA, U.S.A., catalogue no. M32115) at 1:500, for 20 min at 4
• C. Cells were washed three times with FACS buffer and subsequently incubated with 0.25 µg of streptavidin-phycoerythrin for 20 min at 4
• C. Cells were finally washed three times with FACS buffer and analysed for cell-surface fluorescence using a FACSCalibur ® . For each sample 10 000 cells were analysed with dead cells excluded on the basis of forward and side light scatter. 
Statistical analysis
Statistical analysis of the data was performed using the two-tailed Student t test (paired-samples).
RESULTS
Reactivity of anti-PrP monoclonal antibodies with recombinant ovine PrP
We have utilized a panel of anti-PrP monoclonal antibodies [26] to probe the conformation of the ovine prion protein on the surface of blood cells from VRQ homozygous sheep during experimental scrapie disease. The specificity of the anti-PrP monoclonal antibodies has been investigated by epitope mapping using truncated ovine PrP and a panel of overlapping 15-mer peptides that spanned the whole length of full-length ovine PrP [26] , and a series of overlapping 21-mer peptides spanning residues 25-101 of ovine PrP. The monoclonal antibodies T164, T188 and T325 all reacted with full-length ovine recombinant PrP (residues 25-232) but not a peptide comprising residues 89-233. This indicated that T164, T188 and T325 were N-terminal-specific but to date these monoclonal antibodies have not shown any reactivity during epitope mapping using overlapping 15-mers. However, using 21-mer peptides that spanned residues 25-101 of ovine PrP, all three monoclonal antibodies were shown to react within the amino acid sequence 47-90, which includes the octapeptide repeat region of PrP. Monoclonal antibodies A516, V26 and V468 all reacted with full-length (residues 25-232) and truncated VRQ (residues 89-233). In epitope mapping studies, monoclonal antibody A516 reacted most strongly with a peptide comprising residues 145-156 around the C-terminal region of helix-1. Monoclonal antibody V26 reacted with the amino acid sequence CIT-QYQRESQAYYQRG that consisted of residues 217-232 of ovine PrP and was located in the extreme C-terminal region of helix-3. Further indirect evidence that V26 reacted in this region of PrP was the fact that this monoclonal antibody failed to react with murine recombinant PrP but showed enhanced reactivity with bovine recombinant PrP (results not shown). Ovine, murine and bovine PrP show amino acid differences in this region of the molecule that may account for this genotypic variation in V26 reactivity. Monoclonal antibody V468 has not shown any reactivity in epitope mapping to date, although its epitope appears to be influenced by residue 171 since this monoclonal antibody has little reactivity with PrP-ARR [26] . Figure 1 shows the epitope location of the N-and C-terminal-specific anti-PrP monoclonal antibodies presented in this study. Figure 2 showed that all the monoclonal antibodies reacted equally well with full-length ovine recombinant PrP-VRQ (residues 25-232) when tested by Western blotting. Similarly, all the monoclonal antibodies reacted with ovine recombinant PrP-VRQ when measured by direct immunoassay as shown by the data in Figure 3 . These data show that all monoclonal antibodies were capable of recognizing the VRQ allelic variant of ovine prion protein.
Reactivity of anti-PrP monoclonal antibodies with MovS6 VRQ cells
The N-and C-terminal-specific anti-PrP monoclonal antibodies were tested for their reactivity with cell-surface ovine PrPC. Monoclonal antibodies were reacted with MovS6 cells and analysed by flow cytometry. MovS6 cells are a continuously growing cell line derived from dorsal root ganglia of ovine PrP-VRQ transgenic mice crossed with mice expressing SV40T antigen [29] that express glycosylated PrP-VRQ similar to that seen in sheep brain material. The data in Figure 4 (upper panels) show that the flow cytometric profiles for MovS6 cells reacted with the N-terminal-specific monoclonal antibodies T164, T188 and T325. All three N-terminal-specific monoclonal antibodies showed a similar monophasic profile, although the percentage of T164-positive cells was reduced compared with that seen with monoclonal antibodies T188 or T325. Figure 4 also shows the reactivity of the C-terminal-specific monoclonal antibodies A516, V26 and V468 with MovS6 cells (lower panels). Monoclonal antibodies A516 and V468 reacted with similar percentages of MovS6 cells and with similar fluorescence intensity. However, monoclonal antibody V26 failed to react with cell-surface PrPC despite the fact that it showed reactivity with recombinant protein. The epitope for V26 is located at the extreme C-terminal region of ovine PrP (residues 217-232). The failure of monoclonal antibody V26 to react with this region of PrP suggested that the epitope for this monoclonal antibody was buried or obscured in the native cellsurface molecule under normal conditions. Other anti-PrP monoclonal antibodies such as V47, which bind to a similar epitope as V26, reacted in a similar manner (results not shown).
Increased expression of N-terminal PrP epitopes by PBMCs from scrapie-infected sheep
We have previously shown that PBMCs from scrapie-free VRQ homozygous sheep expressed high levels of PrP on their cell surface, which could be detected by N-terminal-specific anti-PrP monoclonal antibodies [26] . We subsequently investigated whether these cells presented altered forms of prion protein on their cell surface as detected by flow cytometry during the progression of scrapie disease using the panel of anti-PrP monoclonal antibodies described here. T164 reacted with less than 40 % of PBMCs at this time point. The failure of T164 and T188 to react with all of the PBMCs at this early time point in the disease process may reflect presentation of PrP on some cells where the specific epitopes for these monoclonal antibodies are buried or obscured by homotypic or heterotypic protein interaction. Alternatively, the epitopes for these monoclonal antibodies may be lost through truncation of blood cell PrP. The absence of T164 and T188 reactivity with PBMCs from scrapie-infected sheep was not sustained throughout the course of the incubation period. At subsequent time points, there was an increase in the number of T164-and T188-reactive PBMCs (Figure 6 ). At 5 months p.i. and at later time points, the percentage of cells reactive with each of the N-terminal monoclonal antibodies approached that seen with T325, although the percentage of T164-reactive cells was always less than the percentage of T188-or T325-positive cells. At later time points, as the percentage of T164-positive cells increased, it became clear that there were T164-high and T164-low positive cells. In contrast, T325 showed a uniform single reactivity profile with virtually all of the PBMCs binding this monoclonal antibody at all of the time points analysed.
Variation in C-terminal PrP epitope accessibility on PBMCs from scrapie-infected sheep
It has been shown that ligand binding events at the N-terminal region of PrP may influence conformational changes or binding events elsewhere in the molecule [30] [31] [32] . Furthermore, we have shown that genotypically encoded N-terminal variation in ovine PBMCs cell-surface PrPC expression occurs concomitantly with C-terminal region variations [26] . This supports the suggestion that structural differences in the N-terminal region of the molecule can have conformational effects in the C-terminal portion. Consequently, we investigated the expression of C-terminal PrP epitopes on blood cells from scrapie-infected sheep to correlate any change that occurred with C-terminal-reactive anti-PrP monoclonal antibodies. Figure 7 shows the percentage of PBMCs from scrapie-infected sheep reactive with monoclonal antibodies A516, V468 and V26. These monoclonal antibodies were generated against truncated ovine PrP that lacked amino acid residues 25-88 and are therefore reactive in the C-terminal portion of the molecule [26] . At all of the time points investigated, monoclonal antibody A516 showed reactivity with the majority of PBMCs from scrapie-infected sheep. In contrast, monoclonal antibodies V26 and V468 showed variation in their reactivity with PBMCs from scrapie-infected sheep. V26 failed to show significant reactivity with PBMCs at the earliest time points measured. However, at subsequent time points, there was a progressive increase in the percentage of cells reactive with this monoclonal antibody. At 7 months p.i., approx. 50 % of the PBMCs reacted with monoclonal antibody V26. In contrast, monoclonal antibody V468 showed a reciprocal reactivity to that seen with V26 during the course of the experiment. The percentage of V468-positive cells decreased from approx. 75 to 25 % over the course of the experiment. The changes in epitope exposure by PrP expressed on the surface of ovine PBMCs during scrapie disease do not appear to be due to non-specific changes in PrP expression. As a control for disease specificity, we investigated the reactivity of PBMCs prepared from sheep with a persistent virus infection (MVV) with anti-PrP monoclonal antibodies used here. PBMCs from MVVinfected sheep did not show the same changes in cell-surface PrP as those from scrapie-infected sheep, in particular no reactivity was seen with monoclonal antibody V26 (Figure 8 ).
PrP expression by PBMCs from age-matched scrapie-free or scrapie-infected sheep
To exclude the possibility that the changes in PrP expression seen on the surface of blood cells isolated from scrapie-infected sheep were not simply an age-related phenomenon, N-and C-terminal FACS staining of PBMCs from age-matched New Zealandderived scrapie-free VRQ homozygous sheep was investigated. Figure 9 shows representative FACS profiles of PBMCs from scrapie-free and scrapie-infected sheep stained with either N- (Figure 9a ) or C-terminal-specific (Figure 9b) anti-PrP monoclonal antibodies. Figure 9(a) shows that there were fewer PBMCs from scrapie-free control sheep reactive with the N-terminal monoclonal antibodies T164 and T188 compared with PBMCs from scrapie-infected animals. T325 showed similar reactivity with PBMCs from both scrapie-free and scrapieinfected animals, although the scrapie-free controls showed lower fluorescence intensity. Figure 9(b) shows that the C-terminal monoclonal antibody V26 had little, if any, reactivity with PBMCs from scrapie-free sheep but showed significant reactivity with PBMCs from age-matched scrapie-infected sheep. Monoclonal antibodies A516 and V468 showed similar reactivity with PBMCs from both scrapie-free and scrapie-infected animals. Figure 10 shows the quantification of the N-and C-terminal FACS analysis of PBMCs from scrapie-free and scrapie-infected sheep. Figure 10(a) shows that the percentage of PBMCs from Figure 10 (comparison with scrapie-free equivalent): *P < 0.05, **P < 0.01 and ***P < 0.001.
scrapie-infected sheep reactive with N-terminal monoclonal antibodies was significantly greater than that seen with PBMCs from scrapie-free sheep. PBMCs from scrapie-infected sheep showed a significantly higher percentage of cells reactive with T325 compared with age-matched scrapie-free controls (P < 0.05). This trend was also seen when the PBMCs were stained with T188 (P < 0.01) or T164 (P < 0.001). In addition, the fluorescence intensity of all three N-terminal-specific monoclonal antibodies was significantly greater with PBMCs from scrapie-infected sheep compared with cells from scrapie-free animals as shown in Figure 10 (b). PBMCs from scrapie-infected sheep gave a significantly higher mean channel number with T325 compared with age-matched scrapie-free controls (P < 0.001). This trend was also seen when the PBMCs were stained with T188 or T164 (P < 0.01). Figure 10(c) shows that the percentage of PBMCs from scrapie-infected sheep reactive with monoclonal antibody V26 was significantly greater than that seen with PBMCs from scrapie-free sheep (P < 0.01).
Collectively, these data indicate that during the progression of disease in scrapie-infected sheep, there are modifications in epitope exposure at the N-and C-terminal regions of PrP expressed on the surface of blood cells.
DISCUSSION
We have previously shown that conformational variation of ovine PrPC on the surface of PBMCs can be analysed by the use of anti-PrP monoclonal antibodies and flow cytometry [26] . In this study, we have investigated whether changes in PrP epitope expression occur on blood cells isolated from sheep during experimental scrapie. To do so, we have orally inoculated VRQ homozygous lambs with scrapie-infected brain material and subsequently collected PBMCs for PrP analysis at various time points post-prion challenge.
Three different monoclonal antibodies, T164, T188 and T325, which all have epitopes located within amino acid residues 47-90 of ovine PrP (A. M. Thackray and R. Bujdoso, unpublished work), revealed scrapie-induced changes in the N-terminal region of PBMCs cell-surface prion protein. Monoclonal antibody T164 showed the most noticeable change in reactivity with PBMCs from scrapie-infected sheep. This monoclonal antibody reacted with very few PBMCs harvested shortly after scrapie challenge but reacted with progressively more cells collected at later time points. A similar trend, but to a lesser extent, was seen with monoclonal antibody T188. The changes in N-terminal-specific monoclonal antibody reactivity is indicative of PBMCs from scrapie-infected sheep expressing PrP with structural modifications in, or around, the copper-binding domain. These changes would appear to be quite localized and did not involve all of the N-terminal region since monoclonal antibody T325 reacted with a similar percentage of cells at all of the time points analysed.
Changes in the C-terminal region of cell-surface PrP on PBMCs from scrapie-infected sheep were evident as seen by the differential reactivity of monoclonal antibodies specific for epitopes in the globular domain of the protein. Monoclonal antibody V26 reacted with a progressively increasing percentage of cells during the course of scrapie disease. The epitope for this monoclonal antibody is located in the C-terminal region of helix-3. Changes in the region between β-strand-2 and residue 171 of cell-surface PrP were indicated by monoclonal antibodies that bind to this region of PrP. Monoclonal antibodies 968 and 683 react with the epitopes YYRPVD (amino acid residues 165-170) and PVDQY (amino acid residues 168-172) respectively and showed reactivity with cells from scrapie-infected sheep (results not shown). Further changes in the region around residue 171 were indicated by monoclonal antibody V468, which recognizes an epitope that includes, or is influenced by, residue 171 [26] , and reacted with progressively fewer cells during the course of scrapie disease. It is interesting to note that monoclonal antibodies V26, 683 and 968 reacted with PBMCs from scrapie-infected sheep but do not bind to native cell-surface PrPC expressed by PBMCs from scrapie-free animals (data presented here and [26] ). It is also noteworthy that the epitopes of V26 and those of 683 and 968 are located in the vicinity of YYQ (amino acid residues 228-230) and YYR (amino acid residues 165-167) motifs respectively. These motifs are considered to be buried or obscured in normal PrPC but exposed in disease-associated PrP [33] . This would suggest that structural modifications do occur in cell-surface PrP expressed by PBMCs during scrapie disease. These modifications may be similar, although possibly not as extensive as those seen in disease-associated PrP that accumulates on more long-lived cells such as FDCs in lymphoid tissue and neurons in CNS tissue. The changes in epitope exposure by PrP expressed on the surface of ovine PBMCs during scrapie disease does not appear to be due to non-specific effects. Cells prepared from age-matched scrapiefree sheep did not show the same PrP expression profiles nor did cells from sheep with a persistent MVV infection; in particular, no reactivity was seen with monoclonal antibody V26. In addition, the changes in PrP expression did not appear to be due to the appearance of a unique cell type in peripheral blood since there was no significant change in the scatter profiles of PBMCs during the progression of scrapie disease. Secondly, there was no significant difference in the number of PBMCs in the blood from scrapieinfected and scrapie-free sheep (results not shown).
Our results are consistent with the appearance of altered conformers of PrP on the surface of blood cells from scrapieinfected sheep. Indirect evidence in support of this was found in [46] , where it is shown through the use of Raman spectroscopy that a membrane preparation from scrapie-infected sheep blood cells has a significantly higher β-sheet content compared with normal cells. As PrPC conversion to PrPSc involves an increase in β-sheet content, blood cell PrP is considered to be the candidate protein responsible for the increased β-sheet content within the membrane fraction. However, whilst scrapie-infected sheep blood, including buffy coat, does contain prion infectivity as shown by intraspecies blood transfusions [17, 18] , the presence of PK-resistant PrPSc in the blood of scrapie-infected sheep remains debatable [34] . The protein-only hypothesis predicts that prion infectivity and PK-resistant PrPSc are congruent. The simplest explanation for the apparent dichotomy with respect to the blood of scrapieinfected sheep is that the level of PK-resistant PrPSc in this fluid is below the detection level of the presently available methods. Alternatively, disease-associated forms of PrP present on the surface of blood cells may exist, which are distinct from PKresistant PrPSc. Other forms of disease-associated PrP, distinct from classical PrPSc, have been described such as PK-sensitive PrPSc [35, 36] . Since the conversion of PrPC into PrPSc is believed to be an unfolding process that involves intermediate structures, it is plausible to assume that such forms of PrP may exist on the surface of cells that do not readily present or accumulate the endstage PK-resistant PrPSc. With respect to lymphocytes, this may be a consequence of the relatively short life span of these cells compared with long-lived cells such as FDCs. Cells other than FDCs that are able to accumulate PrPSc are lymphoid tissue TBMs, and do so possibly as a consequence of their phagocytic activity. Whether these cells are able to enter the blood stream and are a source of prion infectivity still remains un-established. In this regard, it is interesting to note that immunohistochemical staining of ovine lymphoid tissue does not show the presence of PrPSc-positive lymphocytes, suggesting these cells do not acquire PrPSc by passive means as they migrate through lymph nodes. This may be due to the fact that these cells do not display the phagocytic activity of lymphoid macrophages.
A key issue to be addressed is what factor(s) induce the phenotypic changes in PrP expressed on the surface of ovine PBMCs. PrPC is proposed to be converted into PrPSc by autocatalytic conversion induced by PrPSc [1] . For this mechanism to occur in the peripheral blood of scrapie-infected sheep and affect the majority of cells present, as indicated by the FACS profiles seen here, it is reasonable to assume that significant levels of circulating PrPSc should be present. Since PrPSc is not readily detectable in scrapie-infected sheep blood, other mechanisms may be considered. One alternative may be an alteration in the blood level of PrP ligands such as metal ions, during the course of scrapie disease. Metal ions such as copper or manganese have been shown to bind to the N-terminus of PrP and cause structural modifications within the protein [37] [38] [39] [40] [41] [42] [43] [44] . Ligand binding at the N-terminal region of PrP results in subsequent modification of epitopes in C-terminal regions of the protein. We have previously shown that mice undergoing prion disease are characterized by the presence of an increased level of manganese in peripheral blood during preclinical and clinical disease [45] . If the same occurs in the peripheral blood of scrapie-infected sheep, then the increased level of blood manganese may be capable of modifying the normal metal ion content of cell-surface PrP, thereby inducing conformational changes in the protein.
Our results are compatible with the presentation of novel conformers of PrP on the surface of sheep blood cells during the progression of prion disease. We have considered that these novel forms of PrP are related to scrapie disease and now we need to establish what their relationship is to other altered conformations of this protein, such as PrPSc. We are currently investigating whether the modifications seen in epitope exposure of cell-surface PrP during scrapie disease described here are accompanied by changes in epitope expression by serum or plasma PrP and if they correlate with prion infectivity.
